The visna virus Tat protein is required for efficient viral transcription from the visna virus long terminal repeat (LTR).
Visna virus is a retrovirus of the lentivirus family, whose members include the primate viruses human and simian immunodeficiency viruses (HIV and SIV), equine infectious anemia virus (EIAV), and caprine arthritis encephalitis virus (CAEV). Visna virus causes chronic-progressive pneumonitis, arthritis, and encephalitis in sheep and is characterized by an extended period of clinical latency (9, 18, 31, 37) . The targets of visna virus infection in vivo are cells of the monocyte/macrophage lineage. The pathogenesis of the disease is due to an activation of a cytokine cascade in macrophages, leading to an acute inflammatory response in target organs (30, 32, 48) . Although visna virus can infect monocyte precursors in bone marrow and peripheral blood monocytes, little or no viral gene expression is detected in these cells (15, 16, 47) . Differentiation of the monocyte into a macrophage is necessary to stimulate visna virus expression; activation of viral transcription, upon differentiation, requires both viral and cellular factors (8, 10, 12, 14-16, 19, 31) .
The visna virus tat gene product encodes a 94-amino-acid (aa), 10-kDa protein that is necessary for activation of viral transcription (10) . Tat-mediated transcriptional activation also requires the presence of AP-1 and AP-4 sites within the U3 region of the visna virus long terminal repeat (LTR) (14) .
Mutational analysis identified a consensus AP-1 site, proximal to the visna virus promoter TATA box, that is the most important element for induction of transcription in response to cellular differentiation, and studies have shown that visna virus Tat can act through heterologous promoters containing AP-1 sites (12, 14, 36, 40) . Although AP-1 sites appear to be a necessary element for Tat-mediated transcriptional activation, visna virus Tat does not bind AP-1 sequences directly, nor does it bind any DNA sequences within the viral LTR (14) . Additionally, visna virus does not contain any sequences 3Ј of the transcription start site that are important for transcriptional activation. Therefore, a cis-acting transactivation response (TAR) element, such as that found in the HIV LTR, does not appear to play a role in visna virus Tat-mediated transcriptional activation (19) .
In previous studies, we have shown that the visna virus Tat protein contains a potent acidic activation domain between aa 1 to 38 of the protein (Tat 1-38) (5). The visna virus Tat activation domain was found to have a pattern of critical hydrophobic residues similar to those of other acidic activation domains, such as the herpesvirus VP16 activation domain. Acidic activators, such as VP16, have been found to interact with a number of general transcription factors, including the TATA box binding protein (TBP) (21, 42) . The current model of transcriptional activation contends that once a transactivating protein is targeted to a specific promoter, the activation domain stimulates transcription through these specific interactions with RNA polymerase II-associated general transcription factors (3, 46) .
In addition to the activation domain, a specific domain important in mediating the AP-1 responsiveness of the Tat protein was identified (6) . This AP-1-responsive domain, contained within aa 34 to 62 of the Tat protein, is characterized by four leucine residues that are highly conserved among visna virus strains and the related lentivirus CAEV. The leucine residues within this domain do not form a heptad repeat, typical of leucine zipper domains. There have, however, been characterized a number of proteins that contain domains important in protein-protein interactions that contain leucine residues but do not conform to a leucine zipper motif (11) . It is possible, therefore, that this region of the Tat protein is important in making contacts with other proteins and that these protein-protein interactions are critical in mediating the AP-1 responsiveness of the Tat protein. In competition experiments, the leucine domain alone was able to competitively inhibit Tat transactivation of a visna virus LTR-chloramphenicol acetyltransferase (CAT) reporter containing AP-1 binding sites (6) . This suggests that the leucine domain is able to bind cellular factors important for Tat-mediated activation of the visna virus promoter.
To determine how the visna virus Tat protein is targeted to the promoter and how it activates transcription, we have examined interactions between Tat and cellular proteins that recognize visna virus promoter elements. By both in vitro and in vivo analysis, we demonstrate that the Tat protein interacts with both cellular AP-1 transcription factors, Fos and Jun. This interaction would be expected to target the visna virus Tat protein to the viral promoter by way of the AP-1 sites located upstream of the transcriptional initiation site. In addition, the visna virus Tat protein was able to bind to TBP. This characteristic is shared by a number of other transcriptional activators and potentially provides a mechanism for activating transcription. Additionally, we identify the region of the Tat protein responsible for the interactions with Fos and Jun. This region is contained within aa 34 to 69 of the visna virus Tat protein, which is the same region previously shown to be important in mediating the Tat protein's responsiveness to AP-1 DNA sequences. Furthermore, we show that the bZIP domains within Fos and Jun are involved in the interaction between the visna virus Tat protein and the AP-1 binding factors and that amino acids within the basic region of the bZIP domain are critical for this interaction.
MATERIALS AND METHODS

Plasmids. (i) Construction of GST-Tat fusion proteins.
Glutathione S-transferase (GST)-Tat, GST-Tat 1-38, GST-Tat 34-69, and GST-Tat 60-94 were constructed by cloning fragments generated by PCR amplification of regions in the visna virus tat gene into the GST expression vector pGEX-3X (Pharmacia). GST-Tat, GST-Tat 1-38, and GST-Tat 60-94 were cloned into a BglII site of the modified pGEX-3X vector GH418, obtained from Gary Haywood (Johns Hopkins University Medical School). The remaining GST-Tat constructs were cloned into the BamHI and EcoRI sites of pGEX-3X. All constructs were confirmed by nucleotide sequence analysis.
(ii) Construction of fos and jun in vitro expression vectors. The wild-type fos and fos and jun mutant constructs (described in reference 17) were obtained from Tom Kerppola (University of Michigan Medical Center). The fos mutants were excised from the plasmid pDS56 by digestion with BamHI and HindIII and cloned into pGEM-7Z (Promega) for in vitro expression. jun mutant constructs were excised from pGEM4 by digestion with EcoRI and cloned into pGEM-7Z. The wild-type jun construct was obtained from Daniel Nathans (Johns Hopkins University Medical School). Constructs were confirmed by restriction digest.
(iii) Construction of eukaryotic expression vectors for two-hybrid experiments. The VP/FosZip and VP/JunZip vectors were constructed as follows. The Fos bZIP region (amino acids [aa] 131 to 208) was PCR amplified from the wild-type fos construct (described above), and the Jun bZIP region (aa 222 to 331) was digested from the GST-cJun (bZIP) construct obtained from Michael Green (University of Massachusetts Medical Center). Sequences encoding the VP16 activation domain (aa 1 to 47) were amplified from plasmid GH322, obtained from Gary Hayward and described by Hardwick et al. (18a) . The VP16 activation domain was then ligated to the Fos and Jun bZIP domains, and these constructs were ligated into the vector pCDNA 3.1 (Promega). Gal4-Tat constructs were prepared as previously described (5) . All constructs were confirmed by nucleotide sequence analysis.
Expression of GST fusion proteins. DNA for each GST expression vector was used to transform Escherichia coli JM109 cells. Two milliliters of an overnight culture of transformed bacteria was used to seed 20 ml of LB medium containing ampicillin (100 g/ml) and grown at 30°C until an optical density of 0.7 to 0.8 was reached. The cells were then induced with 0.05 mM isopropyl-␤-D-thiogalactoside for 2 h at room temperature. The cells were then centrifuged and resuspended in 1 ml of phosphate-buffered saline (PBS; pH 7.3) containing 1% Triton X-100 (Sigma) and lysozyme (100 g/ml, final concentration) for 30 min at room temperature. The cells were then sonicated twice with a 5-mm tip for 10 s. The lysate was spun in a microcentrifuge at full speed for 10 min, and the supernatant was collected. A 50% suspension (50 l) of glutathione-Sepharose 4B beads (Pharmacia) in PBS was then added and incubated at room temperature with rocking for 30 min. The beads were washed three times with 250 ml of PBS and then suspended in 25 l of PBS for use in the GST binding assays.
Purification of bacterially expressed full-length Tat protein. GST-Tat protein was expressed in bacterial cells as described above. The full-length Tat protein was cleaved from GST by digestion with factor Xa as specified by the manufacturer (Pharmacia) except that 0.1% Triton X-100 and 5 mM dithiothreitol were included in both the PBS wash buffers and factor Xa cleavage buffer. Factor Xa protein was then removed by incubation of the eluted Tat protein solution with 65 l of 50% benzamidine-Sepharose beads (Pharmacia) per 2.5 liters of starting culture for 15 min. with rocking. The beads were pelleted by ultracentrifugation for 5 min at 500 ϫ g for 5 min, and supernatant containing the purified Tat protein was removed, aliquoted, and stored at Ϫ80°C.
GST binding assays. .55], 100 mM KCl, 10 M ZnCl 2 , 0.1% Nonidet P-40, 20 mM 2-mercaptoethanol, 2 g of bovine serum albumin per ml). The proteins were incubated for 2 h at 4°C and then washed four times with 500 l of binding buffer; 30 l of 2ϫ sodium dodecyl sulfate (SDS) loading buffer was then added, and 15 l of sample was assayed by SDS-polyacrylamide electrophoresis (SDS-PAGE). Alternatively, 5 g of purified fusion protein was incubated with in vitro-translated proteins in 200 l of binding buffer for 2 h and then incubated with 50 l of GST beads for 30 min before being washed as described above. Either method produced the same results.
Transfections. Sheep choroid plexus (SCP) cells (32) were maintained in modified Eagle medium supplemented with 10% fetal bovine serum and incubated at 5% CO 2 . Cells were transfected with the Lipofectamine reagent (Promega) according to the manufacturer's protocol; 0.5 g of each DNA and 5 l of Lipofectamine were used per reaction. The cells were incubated with the DNA and the Lipofectamine reagent for 7 h and were harvested for CAT assay analysis 48 h after the start of transfection.
Cross-linking. In vitro-translated proteins (4 ϫ 10 5 cpm) were incubated with 0.25 mM BS3 (Pierce) in 20 l of 1ϫ PBS for 5 min at room temperature. The reaction was then quenched with 50 mM Tris (pH 7.5) for 15 min at room temperature.
CAT assays. CAT assays were performed by using the Promega CAT enzyme assay system. Electrophoretic mobility shift assay (EMSA). Binding reaction mixtures contained 1 l of 32 P-labeled DNA probe, 1.6 l of 5ϫ binding buffer (125 mM HEPES [pH 7.9], 25 mM KCl, 5 mM EDTA, 5 mg of bovine serum albumin per ml, 50% glycerol, 1.25 mM dithiothreitol), 1 l of dI-dC (300 ng), 100 ng of each protein, and H 2 O to 8 l. Reaction mixtures were incubated at 37°C for 20 min, chilled on ice, then loaded on a 4% Tris-glycine-EDTA gel, and run at 200 V for 3 h at 4°C. The LTR probe was a SalI/NcoI-digested fragment from the visna virus LTR, including sequences from Ϫ65 to ϩ56. The AP-1 probe (Santa Cruz Biotechnology Inc.) contains the sequence 5Ј-CGCTTGATGACTCAGCCGGA A-3Ј.
The Fos bZIP (aa 139 to 200) and Jun bZIP (aa 199 to 334) domain proteins were kindly provided by Tom Kerppola. These proteins were purified from E. coli overexpression strains to greater than 90% homogeneity by nickel chelate affinity chromotography.
RESULTS
The visna virus Tat protein interacts with Fos, Jun, and TBP. The visna virus Tat protein has been shown to transactivate its viral promoter and heterologous promoters through cis-acting AP-1 sites in the DNA. However, Tat does not activate transcription from AP-1 sites through direct interactions with the DNA (14) . One mechanism by which Tat could target the promoters through an AP-1 site would be via interactions with the cellular AP-1 binding proteins, Fos and Jun. Addi-tionally, once targeted to the visna virus promoter, Tat functions to activate transcription through its activation domain. Other viral transcriptional activating proteins, such as herpesvirus VP16 and HIV Tat, have been found to interact with TBP, which is thought to be a mechanism for activating transcription (21, 22) . To examine potential protein-protein interactions of the visna virus Tat protein with the AP-1 binding proteins Fos and Jun and with TBP, full-length visna virus Tat was expressed as a GST-Tat fusion protein in bacteria and then immobilized on glutathione-Sepharose beads (Fig. 1) . As controls, GST alone and a fusion protein of GST and the VP16 activation domain (GST-VP16) were also immobilized on glutathione-Sepharose beads. GST alone, GST-Tat, and GST-VP16 were then incubated with 35 S-labeled Fos, Jun, and TBP synthesized by in vitro transcription-translation in a rabbit reticulocyte lysate and washed as described in Materials and Methods. The 35 S-labeled proteins that were retained on the immobilized GST proteins were then analyzed by SDS-PAGE.
The control GST resin did not bind a significant amount of Fos, Jun, or TBP in this assay (Fig. 2, lanes 1 to 3) . GST-Tat, however, specifically retained the AP-1 binding factors Fos and Jun in this in vitro chromatography assay, as well as the basal transcription factor TBP (Fig. 2, lanes 3 to 5) . GST-VP16 also bound TBP in the assay (Fig. 2, lane 9) , which has previously been reported as a functional interaction (21) . There was, however, no retention of Fos or Jun by GST-VP16 (Fig. 2,  lanes 7 and 8) , demonstrating that the binding of Fos and Jun in this assay is specific for the Tat protein.
Specific domains within the Tat protein are responsible for binding the AP-1 factors and to TBP. To define domains within the visna virus Tat protein that interact with Fos, Jun, and TBP, we made a number of constructs that expressed portions of Tat as GST fusion proteins (Fig. 1) . When the visna virus Tat activation domain was expressed as a GST fusion protein (GST-Tat 1-38) and incubated with in vitro-translated Fos, Jun, and TBP, there was significant retention only of TBP (Fig.  3, lanes 1 to 3) . This result is consistent with studies with other acidic transcriptional activators, in that the activation domains of these proteins are responsible for contacting general transcription factors, such as TBP (20) (21) (22) .
A leucine-containing domain within aa 34 to 62 of the visna virus Tat protein has been shown to be important in mediating the AP-1 responsiveness of Tat. In studies using computational analysis and circular dichroism (data not shown), it was found that visna virus Tat contains an alpha-helical region within aa 34 to 69. Based on these observations, this entire helical region was included within a fusion protein containing the leucine domain (33, 34) . The GST-Tat 34-69 construct, containing this helical domain, was found to specifically interact with Fos and Jun but not TBP (Fig. 3, lanes 4 to 6) .
An additional domain within the C-terminal region of the Tat protein contains three cysteines that are also conserved among visna virus strains and CAEV. Although this region is necessary for Tat function in a number of in vivo assays, GSTTat 60-94, containing this domain, did not bind Fos, Jun, or TBP in this assay (Fig. 3, lanes 7 to 9) (14) . 1 to 3) , GST-Tat (lanes 4 to 6), and GST-VP16 (lanes 7 to 9) were immobilized on glutathione-Sepharose beads and incubated with in vitro-translated, [ 35 S]methionine-labeled Fos, Jun, and TBP for 2 h at 4°C. Following incubation, bound proteins were washed extensively, eluted, and analyzed by SDS-PAGE on a 10% gel followed by autoradiography. 38 (lanes 1 to 3) , GST-Tat 34-69 (lanes 4 to 6), and GST-Tat 60-94 (lanes 7 to 9) were immobilized on glutathione-Sepharose beads and incubated with in vitro-translated, [ 35 S]methionine-labeled Fos, Jun, and TBP, and bound proteins were analyzed as described for Fig. 2 (Fig. 4) in the in vitro protein affinity chromatography experiments (Fig. 5) . GST-Tat was incubated with a number of in vitro-translated Fos proteins (Fig. 5A) . The full-length Fos protein (Fig. 5A, lane 1) and a truncated Two constructs that express Jun proteins with mutations in the bZIP domain were also tested for the ability to bind GSTTat (Fig. 5B) . Jun⌬L1V,L2V has the first and second leucines in the leucine zipper substituted with valines. These mutations do not disturb the overall structure of the bZIP domain, in contrast to the proline substitution in the Fos leucine domain, although they do inhibit Fos dimerization to Jun (17) . This substitution was not, however, able to disrupt the interaction with Tat in this assay; it bound GST-Tat as well as wild-type Jun (Fig. 5B, lanes 1 and 2) . A deletion in the basic region of Jun does, however, abrogate binding to GST-Tat (lane 3), much like the same mutation in the bZIP domain of the Fos 
protein. As is the case for the Fos basic domain deletion, this
Jun deletion mutant does not affect its ability to form a leucine zipper dimer (17) . The relative amount of Jun in vitro-translated protein incubated with GST-Tat is shown (lanes 4 to 6).
Visna virus Tat protein interacts with the bZIP domains of Fos and Jun in mammalian cells. The bZIP domains of Fos
and Jun were found to be important in mediating proteinprotein interactions with Tat in the in vitro binding assay. Many viral transcriptional activators, such as human T-cell leukemia virus type 1 (HTLV-1) Tax and the hepatitis B virus X protein, bind the bZIP domains of cellular transcription factors to activate viral and cellular promoters (1, (43) (44) (45) .
To determine if Tat interacts with the bZIP domains of Fos and Jun in the context of the cellular environment, a mammalian two-hybrid system was used (Fig. 6) . The Tat protein lacking the activation domain was fused to the DNA binding domain of Gal4 (Gal4-Tat 34-94). A Tat construct lacking the leucine domain found to be important in binding Fos and Jun (Gal4-Tat 60-94) was also fused to Gal4. The Fos and Jun bZIP domains were then fused to the transcriptional activating region of VP16 (VP/FosZip and VP/JunZip). The Tat-Gal4 constructs were transfected into SCP cells, a primary cell line that visna virus replicates in productively, along with the bZIP-VP16 constructs and a CAT reporter containing five Gal4 DNA binding sites. The interaction of the Tat domain of the Tat-Gal4 fusions with either the Fos bZIP or Jun bZIP domains of the bZIP-VP16 fusions would target the VP16 activation domain to the Gal4 sites in the reporter and activate transcription of the reporter gene.
With this assay, the Gal4-Tat and VP16-bZIP fusions were not able to significantly activate transcription from the CAT reporter containing the Gal4 DNA binding sites above the background level when transfected into cells alone (Fig. 7, bars  1 . These dimers were then tested for the ability to bind GST-Tat in an in vitro affinity chromatography assay (Fig.  8) . To control for nonspecific interactions with the dimerized Fos and Jun proteins, cross-linked protein was also incubated with GST alone (Fig. 8, lanes 1 to 3) . In this assay, the covalently cross-linked Jun-Jun and Fos-Jun dimers are able to interact with GST-Tat (lanes 4 to 6).
Visna virus Tat interacts with Fos and Jun to form a fastermigrating band in an EMSA. Having established that visna virus Tat can interact with the bZIP domains of Fos and Jun in
vitro and in vivo, we used an EMSA to determine if these interactions take place in the context of an AP-1 binding site on DNA. In the EMSA, bacterially expressed, purified visna virus Tat protein, the Fos bZIP domain (aa 139 to 200), and Jun bZIP domain (aa 199 to 334) were incubated alone and in combination with a 32 P-labeled restriction fragment of the visna virus LTR containing the proximal AP-1 site and an AP-4 site. In addition, a synthetic oligonucleotide containing a consensus AP-1 site was used in the EMSA. Neither the Fos bZIP or the Tat protein alone shifted the LTR probe (Fig. 9A, lanes  2, 4, and 5 ). The Jun bZIP domain alone forms a distinct shifted band in the EMSA (lane 3), as does the Fos-Jun bZIP heterodimer (lane 7). Interestingly, when the visna virus Tat protein is incubated with either the Jun bZIP dimer or the Fos-Jun bZIP heterodimer, there appears in each case a distinct novel band that migrates more rapidly than either complex (lanes 6 and 8). These results were also observed with a synthetic oligonucleotide containing the consensus AP-1 site (Fig. 9B) . In an additional EMSA analyzing full-length Fos and Jun protein heterodimers, it was observed that the addition of the visna virus Tat protein once again resulted in the formation of a novel, more rapidly migrating band (data not shown).
Aberrant migration of bZIP proteins bound to DNA binding sites, resulting in more rapid migration in the EMSA, has been observed with Fos and Jun and other bZIP proteins. The mechanism behind this shift in mobility has been described as either an effect of the bZIP proteins on the bending of the DNA probe or a change in the conformation of the bZIP dimer (23-25, 28, 38, 39) . It is possible, therefore, that the Tat protein exerts an effect on the bZIP dimers either by altering their interaction with the DNA or by altering the conformation of the complex, causing it to migrate more rapidly in the gel. The small size of the AP-1 oligonucleotide, however, argues against any effect due to altered DNA bending, as differences in bending of an oligonucleotide of this size would not influence complex mobility. Fig. 2 (lanes 1 to 6) . In vitro-translated Fos proteins (IVT Protein) were loaded directly onto the gel, without interaction with GST-Tat, in lanes 7 to 12 to show that equal counts were loaded. Lanes 7 to 12 were exposed to radiography roughly 1/10 as long as lanes 1 to 6. (B) In vitro-translated Jun proteins were incubated with GST-Tat as described for Fig. 2 (lanes 1 to 3) . In lanes 4 to 6, a 1/10 dilution of the amount of each Jun protein incubated GST-Tat was loaded directly on the gel to show that equal counts were loaded.
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TARGETING OF VISNA VIRUS Tat TO AP-1 SITES 41 To further determine whether the effect on the Fos and Jun complexes was due to the Tat protein itself, and eliminate any possibility that the shift may have been due to a nonspecific effect, an antibody to the N terminus of visna virus Tat was used in the EMSA. When preincubated with the anti-Tat antibody, the purified visna virus Tat protein did not affect the formation of the Jun-Jun dimer (Fig. 9C, lane 1) , but it blocked the downshifted Jun-Tat complex from forming (lane 2). In contrast, a nonspecific antibody (SIV Nef) had no effect on formation of either the Jun-Jun dimer or the Tat-Jun complex.
DISCUSSION
Transcriptional activators utilize a variety of methods to target the appropriate promoter. They may contain DNA binding domains that directly contact sequences within the targeted promoter, as do many cellular transcriptional activators, such as SP1 or NFB. The lentivirus transcriptional activator HIV Tat, which contains an RNA binding motif, uses another mechanism that can tether the transactivator to the promoter by way of a nascent RNA transcript (2, 35, 41) . Protein-protein interactions also target activators to a specific promoter. This last mechanism is utilized by a number of viral transcriptional activators, including adenovirus E1A and HTLV-1 Tax (1, 7, 27, 44, 45) . The visna virus Tat protein does not bind DNA directly, nor does it bind to nascent RNA via a TAR-like element found in HIV or EIAV Tat (13, 14, 19) . It is therefore most likely that Tat is targeted to the promoter through direct protein-protein interactions with cellular factors binding to the AP-1 sites in the visna virus LTR.
In this study, protein-protein interactions with cellular factors important for activation of the visna virus promoter were examined by using both in vitro (protein affinity chromatography assays and EMSAs) and in vivo (two-hybrid analysis) approaches. Using these techniques, we have demonstrated that the visna virus Tat protein can specifically interact with both Fos and Jun, which would target Tat to AP-1 sites located in the visna virus LTR. Additionally, we have shown that Tat binds TBP. This interaction is shared among a number of other transcriptional activators, including herpesvirus VP16 and p53, and has been correlated with increasing the level TBP at the TATA box (4, 26) .
The domains within Tat responsible for these protein-protein interactions were also identified. The TBP binding domain was localized to Tat aa 1 to 38, a region previously identified as being the activation domain of the protein (5) . The activation domains of other transcriptional activators have also been found to bind general transcription factors such as TBP (4, 5, 26) . Mutation of two phenyalanine residues that had been found to be important for the Tat activation domain in in vivo transcription assays did not affect the visna virus Tat protein's ability to interact with TBP (data not shown). Therefore, although the ability of the visna virus activation domain to bind TBP may be important in activating transcription, other mech- anisms involving other transcriptional machinery may also be involved. In fact, recent data from our laboratory indicate that the C-terminal domain of RNA polymerase II is necessary for visna virus Tat transcriptional activation, and transcriptional elongation mechanisms may be involved in Tat activity (29) .
Utilizing in vitro binding assays, we also determined that a helical, leucine-rich domain (aa 34 to 69), previously associated with targeting Tat activity to AP-1 sites (6), was responsible for 3) and GST-Tat (lanes 4 to 6) as described for Fig. 2 . The samples were analyzed by electrophoresis on an SDS-4 to 20% gradient polyacrylamide gel and autoradiography. ers. HTLV-1 Tax, hepatitis B X protein, and the adenovirus E1a protein all interact with the bZIP domains of cellular proteins to target specific promoters (1, 7, 27, 44, 45) . Although the leucine residues in the Tat domain that interacts with Fos and Jun do not form a heptad repeat, we speculated that visna virus Tat may interact with Fos and Jun through a coiled-coil interaction characteristic of leucine zipper domains. Our data would argue against this possibility, since visna virus Tat can interact with Jun when the first and second leucines of the leucine zipper are mutated to valine. This double mutation inhibits Jun dimerization through the leucine zipper (17) . Additionally, our finding that residues within the basic domain of both Fos and Jun are important for binding visna virus Tat protein indicates that the Tat protein may not bind Fos and Jun through a leucine zipper interaction. This finding, coupled with the fact that the leucines within the AP-1 targeting domain of Tat are not critical for interacting with Fos and Jun in vitro, suggests that the interaction of visna virus Tat with Fos and Jun is not through a Fos-Tat or Jun-Tat leucine zipper interaction. In HTLV-1, the Tax protein interacts with a CREB dimer, contacting the dimer within the basic region of the bZIP domains (1, 45) . It is possible that the visna virus Tat protein binds the AP-1 factors in a similar fashion. The additional finding that Tat is able to interact with crosslinked Jun-Jun and Fos-Jun dimers would indicate that Tat may bind similarly to HTLV-1 Tax.
Our experiments indicate that the basic region of Fos and Jun are important in interactions with the visna virus Tat protein. Mutations within the leucine zipper region of the bZIP domain, however, can also decrease interaction with the visna virus Tat protein. This was demonstrated when Fos was truncated into the leucine zipper or when a proline residue was substituted for a leucine in the zipper region. These mutations would, however, tend to profoundly affect the local secondary structure of the region. Therefore, even though our data suggest that it may be the basic regions of the bZIP domains of Fos and Jun that mediate the interaction with visna virus Tat, our data also suggest that the structural integrity of the bZIP domain as a whole is important in this interaction.
From the results of the above-described in vitro and in vivo binding experiments, a model for Tat transactivation emerges. Visna virus Tat would be targeted to the visna virus promoter through interactions with the DNA binding basic region of a Fos-Jun heterodimer or possibly a Jun-Jun homodimer at the AP-1 sites in the visna virus promoter. The ability of visna virus Tat to interact with bZIP dimers complexed to DNA in the EMSA strengthens this argument. Once targeted, Tat would then contact TBP through its activation domain to increase transcriptional initiation from the visna virus promoter. The recent data that visna virus Tat has an effect on transcriptional elongation mechanisms, in addition to initiation, indicates that the exact mechanism of transcriptional activation may be quite complex.
This model of Tat transactivation corresponds well with what is known about visna virus replication in the host. The restricted replication of visna virus in monocytes, versus permissive replication when monocytes are activated to macrophages, could be accounted for by the increase in Fos and Jun levels in macrophages, which would increase the amount of Tat targeted to the visna virus promoter. It is possible that this mechanism of transactivation also has an effect on the host cell itself. Interaction with Fos and Jun may target visna virus Tat not only to its own promoter but also to cellular promoters containing AP-1 sites. This could lead to activation of a number of cellular genes, which could profoundly affect cell and viral growth and thus play a role in the pathogenesis of visna virus.
